Two experiments were conducted to determine effects of sodium bicarbonate (NaHCO 3) on nitrogen (N) balance, ruminal N metabolism and site and extent of nutrient digestion in sheep fed 75% concentrate diets. A 2 • 2 factorial arrangement of treatments was employed in both trials with experimental diets balanced for 10.5 or 12.0% crude protein and containing 0 or 3.5% NaHCO 3. In experiment 1, 12 lambs were allotted to four diets for two periods in a randomized complete-block design. Dry matter (DM) digestibility was increased (P<.IO) by NaHCO 3 supplementation, but organic matter (OM) digestibility was unaffected by treatment. Apparent N digestibility was not affected by NaHCO~ addition but was increased (P<.0001) at the higher level of protein. Ruminal pH (4 h postfeeding) was increased (P<.O1) by NaHCO 3 supplementation. Sodium bicarbonate had no effect on molar proportions of acetate or propionate, but increased molar proportion of butyrate (P<.10) in ruminal fluid. Mean N retention (g/d) was increased (P<.05) at the higher protein level, but was not affected by NaHCO 3. In experiment 2, four ruminal-and duodenal-cannulated wethers were utilized in a 4 • 4 Latin square design. Sodium bicarbonate addition increased ruminal pH (P<.O5) 2 h postfeeding but did not affect ruminal ammonia (NHz) levels, total VFA concentration or ruminal fluid dilution rates. Molar proportion of acetate was increased (P<.01) by NaHCO 3 at the lower protein level. Ruminal particulate dilution rates were increased (P<.05) by NaHCO~ addition. Ruminal, postruminal and apparent total tract digestibilities of OM and neutral detergent fiber (NDF) were unaffected by NaHCO 3 supplementation. Sodium bicarbonate decreased (P<.05) ruminal starch digestion at the lower protein level but increased (P<.05) it at the higher protein level. Bacterial N flow (g]d) at the duodenum and efficiency of bacterial protein synthesis were increased (P<.IO) by NaHCO 3 additions.
Introduction
Mineral salts such as NaHCO3 have buffering capacity in the rumen and are used primarily to alleviate acidotic conditions in animals fed highconcentrate diets. Recent research, however, has focused upon the ability of NaHCO3 to effect changes in ruminal pH and dilution rate (Davis, 1979; Rogers and Davis, 1982) as a means of manipulating ruminal N metabolism and potentially increasing protein flow to the small intestine (Hadjipanayiotou et al., 1982; Okeke et al., 1983 ; Phillip, 1983) . Total protein reaching the small intestine depends upon amount of microbial protein synthesis and amount of dietary protein escaping ruminal degradation. Continuous culture research (Hoover et al., 1984) has demonstrated that protein digestion and microbial growth efficiency are increased at higher dilution rates when pH of the medium is maintained at 6.5. Hadjipanayiotou et al. (1982) observed increases in feed amino acid N entering the small intestine of sheep supplemented with artificial saliva salts. Okeke et al. (1983) , however, suggested that feeding NaHCO3 would not be expected to increase protein escape to the small intestine because rate of degradation of feed protein was increased with increased pH. If increased ruminal dilution rates due to NaHCO3 result in increased efficiency of microbial protein synthesis or ruminal escape of dietary protein, it may be possible that animal responses to diets containing lower levels of protein would approach those of animals fed higher levels of protein without supplemental NaHCO3. The following studies were conducted to determine effects of NaHCO3 fed at different protein levels on N balance, ruminal N 985 JOURNAL OF ANIMAL SCIENCE, Vol. 61, No. 4, 1985 
Materials and Methods
Exp. 1. Twelve crossbred lambs (average initial weight, 29 kg) were randomly assigned to four diets with three lambs/diet. Lambs were rerandomized before each of two periods with the restriction that no lamb was assigned to the same treatment twice. Data were analyzed as a randomized complete-block design with periods as blocks. Lambs were housed in metabolism crates in a temperature-controlled room under continuous lighting. Each period consisted of 14 d for diet adjustment followed by a 7-d coUection phase. Diets (table 1) were balanced for 10.5 or 12.0% crude protein and NaHCO3 was added in amounts equivalent to 0 or 3.5% of basal diet dry matter (DM). Diets were fed once daily (0800 h) and water was provided ad libitum. Intakes were adjusted such that daily DM intakes were approximately 2.6% of body weight.
~O~ion Research, Inc., Cambridge, MA 02139. 3 Gow Mac Instrument Co., Bridgewater, NJ 08807.
Feed samples were taken daily on d 12 to 21 of each period and composited for each diet. During the collection phase, orts were collected daily and a 10% aliquot was saved and composited for each animal. Urine excretion was measured daily on d 15 to 21, and a 10% aliquot was saved for subsequent analyses. Thirty milliliters of 50% (v/v) HC1 was added to the urinecollection vessels daily to retard ammonia nitrogen (NH3-N) loss. Total fecal collection was made on d 15 to 21, with 20% of the daily fecal excretion saved and composited for subsequent analyses. On d 21 of each period, rumen samples were taken through a suction strainer introduced via stomach tube 4 h postfeeding.
Fecal samples were dried at 55 C and feeds, orts and feces were ground through a Wiley mill (2-mm screen) before laboratory analyses. Feed, orts and feces were analyzed for DM, OM and Kjeldahl N (AOAC, 1975) . Urine was analyzed for Kjeldahl N. Ruminal pH was measured immediately after collection with an Orion 2 Research Digital Ionanalyzer/501 pH meter. Rumen samples were then acidified with 2 ml of 50% (v/v) H2SO4 and frozen. Rumen samples were prepared for analysis of volatile fatty acids (VFA) according to the procedure of Erwin et al. (1961) . Analysis of VFA was conducted on a Gow Mac a 750 gas chromato-graph equipped with a flame ionization detector using a column (1.8 m • 4 mm) packed with 10% SP-1200-1% phosphoric acid on 80/100 mesh Chromosorb WAW 4. A column temperature of 130 C was maintained with a N carrier gas flow rate of 40 ml/min. Injector and detector temperatures were 170 and 175 C, respectively.
Statistical analyses were performed using the General Linear Models procedure of the Statistical Analysis System (SAS, 1979) . Data were analyzed by analysis of variance for a randomized complete-block design with sum of squares separated into period, protein, NaHCO3 and protein x NaHCO3 effects. When interactions (P<.10) were detected, individual treatment means were compared by the F-test protected Least Significant Difference method (Carmer and Swanson, 1973) .
Exp. 2.
Four ruminal-and duodenal-cannuluted, mature Suffolk wethers (average weight, 60 kg) were utilized in a 4 x 4 Latin square design with a 2 x 2 factorial arrangement of treatments. Experimental diets were the same as those used in experiment 1 (table 1). Ruminal cannulae were placed near the top of the dorsal sac and duodenal cannulae were located approximately 5 cm distal to the pyloric sphincter. All cannulae were T-type. Animals were housed in elevated, mesh-bottom pens in a temperature-controlled room under continuous lighting. Each period consisted of 10 d adjustment followed by a 6-d collection phase. Diets were fed twice daily (0730 and 1930 h) and water was provided ad libitum. Animals were fed daily an average of 1,325 g DM/head (2.2% of body weight). Four grams of chromic oxide (Cr~O3)-impregnated paper (262 mg Cr203/g) was included in the diet at each feeding to provide a nonabsorbable digesta flow marker.
Feed samples were taken daily on d 9 to 16 of each period. Each animal was fitted with a canvas collection bag for total fecal collection, which was made on d 11 to 16 with 20% of the daily fecal excretion saved and composited for subsequent analyses. On d 1, 3 and 5 of the collection phase, duodenal samples (50 to 75 ml) were taken 2, 6 and 10 h after the morning feeding. On d 2, 4 and 6, duodenal samples (50 to 75 ml) were taken 4, 8 and 12 h after the morning feeding. Duodenal samples were corn-4 Supelco, Inc., Bellefonte, PA 16823. posited for each animal in each period. A subsample (75 ml) was taken from each composite sample and frozen for subsequent analysis of NH3-N and the remainder was freeze-dried.
Ruminal fluid (200 ml) was collected at 2, 4, 6, 8, 10 and 12 h postfeeding on d 1 through 6, respectively, of the collection phase in each period. Samples were composited for each animal in each period to be used for isolation of a bacteria-rich fraction.
On d 4 of the collection phase, a portion of the morning feeding was sprayed with 100 mg of ytterbium (Yb) and animals were dosed intraruminally with 75 mg of cobalt (Co) in the form of CoEDTA (Uden et al., 1980) . Whole rumen contents were taken with a core sampler 4, 8, 12, 16, 24, 32, 40 and 48 h postdosing for determination of particulate (Yb) and fluid (Co) ruminal dilution rates.
On d 6 of the collection phase, a suction strainer was used to collect ruminal fluid (50 to 75 ml) via the rumen cannula at 2, 4, 8 and 12 h after the morning feeding. Ruminal pH was recorded, followed by the addition of 50% (v/v) H2SO4 (2 ml) to retard NH3-N loss. Samples were frozen for subsequent analyses of VFA and NHa-N.
Fecal samples were dried at 55 C and feeds and feces were ground through a Wiley mill (2-mm screen) before laboratory analyses. Feed and feces samples were analyzed for DM, OM and total N according to the procedures used in experiment 1. Neutral detergent fiber content of feed and feces was determined by the a-amylase modification of the NDF procedure (Robertson and Van Soest, 1977) . Starch content of feed and fecal samples was determined according to Sherry et al. (1974) and Fleming and Reichert (1980) . A bacteria-rich fraction was isolated from ruminal fluid composites according to the procedure of Merchen and Satter (1983) . This fraction was lyophilized and subsequently analyzed for total N and nucleic acid content (Zinn and Owens, 1982) . Duodenal composites were lyophilized and subsequently analyzed for nucleic acid content (Zinn and Owens, 1982) and for DM, OM, N, NDF, ADF and starch according to procedures previously described for feed and feces samples. Subsamples of fresh duodenal digesta were analyzed for NH3-N according to the procedure of Chancy and Marbach (1962) .
Whole rumen contents were separated into particulate and fluid fractions by squeezing the mmen contents through eight layers of cheesecloth. Ytterbium content of the particulate fraction was determined by ashing approximately 3 g of sample in 50-ml Erlenmeyer flasks for 8 h. The ashed samples were then dissolved in 20 ml of a .1 M solution of diethylenetriaminepentaacetic acid in. 3 N NaOH with .1% K (Ellis et al., 1982) . Samples were placed on a shaking device for 12 h and filtered through Whatman no. 541 filter paper. The supernatant was analyzed for Yb on a PerkinElmer s model 2380 atomic absorption speetrophotometer at a wavelength of 396.4 nm. Particulate dilution rates were determined as the slope of the regression of the natural logarithm of Yb concentration on time. The fluid fraction was centrifuged at 31,000 • g for 20 min and the supernatant analyzed for Co content with a Perkin-Elmer s model 306 atomic absorption spectrophotometer at a wavelength of 240.7 rim. Fluid dilution rates were determined in the same manner as particulate dilution rates. Rumen volume was calculated by dividing the amount of Co administered by the antilogarithm of the y-intercept of the regression line. Ruminal fluid samples collected on d 16 were analyzed for VFA, as in experiment 1, and for NH3-N (Chancy and Marbach, 1962) .
Chromium (Cr) content of Cr203 impregnated paper, duodenal contents and feces was determined by the technique of Williams et al. (1962) . Dry matter flow (g/d) at the duodenum and feces was calculated by dividing daily Cr intake (mg) by Cr concentration (mg/g) in the duodenal contents or feces. Nutrient flows were calculated by multiplying the DM flow by the concentration of the given nutrient in duodenal or fecal samples. Bacterial N flow (g/d) at the duodenum was calculated by multiplying N flow at the duodenum (g/d) by the bacterial N:nucleic acid ratio, divided by the duodenal N:nucleic acid ratio. Flow of dietary and endogenous N (g/d) at the duodenum was calculated by subtracting bacterial N flow from total nonammonia N (NAN) flow.
Statistical analyses were performed using the General Linear Models procedure of the Statistical Analysis System (SAS, 1979) . Data were analyzed by analysis of variance for a Latin square design with sum of squares separated into animal, period, protein, NaHCO3 and pros Perkin-Elmer, Norwalk, CT 06856. tein • NaHCOa effects. The F-test protected Least Significant Difference method of Carmer and Swanson (1973) was used to test for differences among treatment means when significant (P<.10) interactions occurred.
ResuRs and Discussion
Intakes and apparent digestibilities of DM, OM and N for experiment 1 are shown in table 2. Dry matter and OM intakes were unaffected by diet, but Iambs fed diets containing 12% protein consumed more (P<.0001) N than those fed the 10.5% protein diets. Lambs fed diets containing supplemental NaHCO3 had higher DM digestibilities (P<.10) than lambs fed unsupplemented diets. The higher mineral content of the NaHCOa supplemented diets probably accounts for the increased DM digestibility, because OM digestibility was not affected by treatment. Phillip (1983) found no differences in DM or OM digestibilities when NaHCO3 was added at 0 or 4% to low-and high-protein diets for lambs.
Apparent N digestibility was higher (P<.001) for lambs fed the 12% protein diets than for those fed the lower protein level, primarily because of the increased N intake by lambs fed these diets. Varying results have been obtained regarding the effect of NaHCOa or mixed mineral salts on apparent N digestibility. Hadjipanayiotou (1982) and Phillip (1983) observed a tendency for N digestibility to increase when NaHCO 3 was included in sheep diets. Thomson et ~!. (1975) , however, reported a decrease in N digestibility when artificial saliva salts were included in diets of lambs.
Ruminal pH in experiment 1 was increased (P<.01) by NaHCO3 addition (table 3) . Effects of mineral salts on rumen pH have been quite variable and appear to depend upon type of diet fed and level of mineral salt supplementation. Rumen contents are normally well buffered from pH 6.2 to 6.8 (Davis, 1979) . Increases in ruminal pH from NaHCOH addition would therefore be expected primarily with high-concentrate diets, which cause ruminal pH to fall below this range. Ruminal pH response also depends upon level of mineral salt supplementation. Stokes (1983) included four different levels of NaHCOa in 75% concentrate diets fed to sheep and observed linear and cubic increases in ruminal pH.
Total VFA concentration, as well as molar proportions of acetate and propionate, were un-affected by NaHCO 3 addition (table 3) . Molar proportion of butyrate was increased (P<.10) due to NaHCO3 supplementation. In contrast, a number of studies have shown increased ruminal acetate and decreased propionate levels in response to mineral salt supplementation Hadjipanayiotou, 1982; Stokes, 1983) , which is probably due to increased ruminal dilution rate and resulting washout of soluble carbohydrates from the rumen (Rogers and Davis, 1982) .
Lambs fed 12% crude protein diets retained more (P<.05) N than those fed 10.5% protein diets, but supplemental NaHCO3 had no effect on N retention (table 4) . A tendency for increased N retention in lambs fed NaHCO3-supplemented, low-protein (9%) diets has been reported by Phillip (1983) , who speculated that potential benefits of NaHCO3 supplement~ion on N utilization would be greatest when protein intake was low relative to protein requirement. In the current study, it was theorized that increased ruminal turnover rates associated with NaHCO3 feeding could enhance N utilization (Trenkle, 1979) supplemented with NaHCO3. The increased excretion at the higher protein level may indicate greater absorption of NH3 from the rumen of these animals. Sodium bicarbonate supplementation increased (P<.05) ruminal pH 2 h postfeeding in experiment 2 (table 5). Although no differenees in ruminal pH were noted due to treatment at the 4-, 8-or 12-h sampling times, pH was generally lower for the unsupplemented diets. Ruminal pH 2 h postfeeding was higher (P<.IO) for the high-protein treatments, which may be partially explained by increased (P<.001) ruminal NH3-N levels when lambs were fed the high-protein diets due to the activity of NHa as a weak base. Ruminal NHa-N levels were unaffected by NaHCO3. This is in agreement with results of Stokes (1983) , who reported no change in ruminal NH3-N levels when supplementing 75% concentrate diets with NaHCO3. Total VFA concentrations and molar proportions of propionate and butyrate were unaffected by NaHCOa addition. Molar proportion of acetate was increased (P<.01) by NaHCO3 at the lower protein level, but was decreased (P<.01) at the higher protein level.
Sodium bicarbonate addition had no significant effect on fluid dilution rate. A number of studies indicate that increases in the fluid dilution rate due to mineral salt supplementation of high-concentrate diets can generally be anticipated. Stokes (1983) reported a quadratic increase in the fluid dilution rate from the rumen of sheep fed diets supplemented with increasing levels of NaHCO3. Rogers and Davis (1982) noted increases in the fluid dilution rate of Holstein steers fed 75% concentrate diets infused with 8 liters of water plus 288 g NaHCO3. In the present study, particulate dilution rate was increased (P<.05) due to NaHCO3 additions to the diet. Particulate dilution rate in response to dietary additions of mineral salts has been examined less extensively than have responses in fluid dilution rates, but Stokes (1983) noted a tendency for it to increase due to NaHCO3 supplementation. Lack of effect of NaHCO3 addition on fluid dilution rates may explain the lack of differences in ruminal VFA patterns observed in this experiment.
Ruminal and postruminal digestion of OM were unaffected by NaHCO3 addition. Overall OM digestibility averaged 83.4%, with approximately 67% of the total OM digestion occurring in the stomach. In contrast, Hadjipanayiotou et al. (1982) noted decreased ruminal digestion of OM in sheep supplemented with NaHCO3. Fecal recoveries of Cr203 averaged 101.5 -+ 3.7% in this experiment, and were unaffected by treatment. Sodium bicarbonate supplementation did not affect ruminal, postruminal or apparent totabtract digestibilities of NDF. Overall NDF digestibility averaged 71%, and 70% of the digestible NDF disappeared in the stomach. Values for postruminal digestion of NDF appear quite high and indicate that an extensive amount of fiber was fermented in the large intestine. This agrees with the results of Kerley et al. (1985) , who found that approximately 33% of digestible NDF was digested postruminally when sheep were fed a similar diet.
Ruminal pH is a major factor in determining extent of fiber digestion (Mertens, 1979) . Factors associated with lowered ruminal pH, and consequently reduced fiber digestion, indude level of feed intake, low buffering capacities of feed ingredients and high dietary levels of readily fermentable carbohydrates. Across treatments, pH values obtained up to 8 h postfeeding were consistently higher than those obtained by Kerley et al. (1985) . This may explain why the mean apparent total-tract digestibility of NDF was 54% greater than that obtained by those researchers. Mertens (1979) points out that although there are long-term changes in the microbial population due to ruminal pH changes, short-term changes in enzyme activity and fermentative metabolism in response to cyclical variation in pH may be important in determining extent of fiber digestion in meal-fed ruminants where ruminal pH may drop below the optimum of 6.7 to 7.1. Factors such as high levels of feed intake and pelleting of the diet, which result in an increased ruminal rate of passage, may act in addition to pH changes to depress fiber digestion.
Starch flow at the duodenum (table 6) was increased (P<.05) by NaHCO3 supplementation of the 10.5% protein diet but was decreased (P<.05) by NaHCO3 at the 12% protein level. Decreased ruminal digestion of starch was compensated for by intestinal digestion such that total-tract digestibility of starch in all animals was nearly complete. Changes in starch flow due to NaHCO3 at the lower protein level could have resulted from the increase in particulate dilution rate (table 5) produced by NaHCO3, but the decreased starch flow in response to NaHCO3 at the higher protein level is difficult to explain. Kellaway et al. (1978) found that NaHCO3 increased duodenal flow of a-linked glucose polymers even though fluid dilution rate was not increased. Hadjipanayiotou et al. (1982) suggests that increases in a-linked glucose flow to the small intestine obtained with salt feeding may be the result of increased flow of storage polysaccharides contained in microbial cells. Total N, NH3-N and dietary + endogenous N flows at the duodenum (table 7) were unaffected by protein level. The failure of NaHCO3 to increase flow of dietary + endogenous N to the duodenum is in agreement with the results of Okeke et al. (1983) , who reported increased rate of N disappearance from soybean meal from nylon bags in the rumen of steers supplemented with NaHCO3 or artificial salivary salts.
Bacterial N (g/d) appearing at the duodenum was increased (P<.10) by NaHCOa addition. Bacterial N:nudeic acid ratios averaged 1.41 +-.25 and were not affected by treatment. The efficiency of bacterial protein synthesis was alSO increased (P<.10) at both protein levels by NaHCO3. These results agree with Harrison and McAllan (1980) , who found that NaHCO3 improved efficiency of synthesis of microbial protein from NH3. Isaacson et al. (1975) observed that YATP increased 120% when the dilution rate was increased from 2 to 12%/h in continuous culture. Hoover et al. (1984) noted that microbial growth efficiency increased with increasing dilution rates when the pH of a continuous culture medium was held at 5.5 and 6.5. However, at pH 4.5 and 7.5, microbial growth efficiencies were highest at lower dilution rates. They concluded that pH was a more important modifier of microbial activity than was fluid dilution rate. It is also likely that the increased particulate dilution rates (table 5) noted, due to NaHCO3 supplementation, played a role in increasing duodenal flows of bacterial N.
In summary, it appears that NaHCO3 additions to 75% concentrate diets fed to sheep have the potential for producing improvements in the amount and efficiency of ruminal microbial protein synthesis. In experiment 2, it appears that this effect occurred independently of changes in ruminal fluid dilution rates. How- CNaHCO~ effect (P<.10).
dorganic matter truly digested in the rnmen.
ever, NaHCOs had no apparent net effect on total intestinal protein supply probably because extent of degradation of dietary protein was increased due to the maintenance of higher ruminal pH in the NaHCO3-supplemented animals.
